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Jasmonate (JA) signaling in plants is mediated by the JASMONATE ZIM-DOMAIN (JAZ) proteins that repress the activity of several
transcription factors regulating JA-inducible gene expression. The hormone JA-isoleucine triggers the interaction of JAZ repressor
proteins with the F-box protein CORONATINE INSENSITIVE1 (COI1), part of an S-phase kinase-associated protein1/Cullin1/F-box
protein COI1 (SCFCOI1) E3 ubiquitin ligase complex, and their degradation by the 26S proteasome. In Arabidopsis (Arabidopsis
thaliana), the JAZ family consists of 13 members. The level of redundancy or speciﬁcity among these members is currently not
well understood. Here, we characterized JAZ12, encoded by a highly expressed JAZ gene. JAZ12 interacted with the transcription
factors MYC2, MYC3, and MYC4 in vivo and repressed MYC2 activity. Using tandem afﬁnity puriﬁcation, we found JAZ12 to
interact with SCFCOI1 components, matching with observed in vivo ubiquitination and with rapid degradation after treatment with
JA. In contrast to the other JAZ proteins, JAZ12 also interacted directly with the E3 RING ligase KEEP ON GOING (KEG), a known
repressor of the ABSCISIC ACID INSENSITIVE5 transcription factor in abscisic acid signaling. To study the functional role of this
interaction, we circumvented the lethality of keg loss-of-function mutants by silencing KEG using an artiﬁcial microRNA approach.
Abscisic acid treatment promoted JAZ12 degradation, and KEG knockdown led to a decrease in JAZ12 protein levels.
Correspondingly, KEG overexpression was capable of partially inhibiting COI1-mediated JAZ12 degradation. Our results provide
additional evidence for KEG as an important factor in plant hormone signaling and a positive regulator of JAZ12 stability.
The JASMONATE ZIM DOMAIN (JAZ) proteins are
central in the signal transduction cascade triggered by the
plant hormone (+)-7-iso-jasmonoyl-L-isoleucine (JA-Ile).
In the presence of JA-Ile, they form a coreceptor complex
with the F-box protein CORONATINE INSENSITIVE1
(COI1; Fonseca et al., 2009, Sheard et al., 2010). COI1
forms part of the E3 ubiquitin ligase complex S-phase
kinase-associated protein1 (Skp1)/Cullin1/F-box pro-
teinCOI1 (SCFCOI1) thatmediates the ubiquitination of the
interacting JAZ, which then leads to degradation of the
JAZ protein by the proteasome (Chini et al., 2007;
Thines et al., 2007). Within seconds after the perception
of JA-Ile, JAZ proteins begin to degrade (Pauwels et al.,
2010).
JAZ proteins function as repressors of speciﬁc tran-
scription factors in the absence of JA-Ile (Niu et al., 2011;
Pauwels and Goossens, 2011; Zhu et al., 2011; Hu et al.,
2013; Nakata et al., 2013; Sasaki-Sekimoto et al., 2013;
Song et al., 2013; Fonseca et al., 2014). The perception of
jasmonates (JAs) thus leads to the derepression of these
transcription factors, followed by a rapid reprogram-
ming of gene expression (Pauwels et al., 2008; Attaran
et al., 2014). One of the best characterized trans-
cription factors repressed by JAZ proteins is the basic
helix-loop-helix protein MYC2 (Lorenzo et al., 2004;
Chini et al., 2007; Kazan andManners, 2012).MYC2-JAZ
interactions are predominantly mediated by the
C-terminal Jas domain on JAZ proteins, which is also
the site of JA-Ile and COI1 interaction (Katsir et al.,
2008; Melotto et al., 2008; Sheard et al., 2010). The mo-
lecular mechanism by which JAZ proteins repress
transcription factor activity includes recruitment of
the corepressor TOPLESS (TPL), either directly or
through the adaptor protein NOVEL INTERACTOR
OF JASMONATE ZIM DOMAIN (NINJA; Pauwels
et al., 2010; Acosta et al., 2013).
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There are 13 JAZ proteins in Arabidopsis (Arabidopsis
thaliana; Chini et al., 2007; Thines et al., 2007; Yan et al.,
2007; Thireault et al., 2015). It is assumed that there is a
high level of redundancy, as indicated by the fact that
many single jaz loss-of-function mutants do not have a
phenotype (Thines et al., 2007). However, some distinct
properties of JAZ proteins are being discovered.
Whereas most of the JAZ proteins interact with NINJA
for interaction with the corepressor TPL, JAZ7 and
JAZ8 do not (Pauwels et al., 2010). JAZ7 and JAZ8 have
an ethylene-responsive element binding factor-associated
amphiphilic repression motif themselves, which medi-
ates direct interaction with TPL (Shyu et al., 2012).
Moreover, JAZ8 lacks a canonical degron; therefore, it is
unable to associate strongly with COI1 in the presence
of JA-Ile and, thus, is resistant to JA-mediated degra-
dation (Shyu et al., 2012). Other examples are JAZ1 and
JAZ10, which contain, besides the C-terminal Jas do-
main, an additional Jas-like domain at their N terminus
called the crypticMYC2-interacting domain, which also
mediates interaction with MYC2 (Moreno et al., 2013;
Goossens et al., 2015). Possibly, this domain explains
the dominant JA-insensitive phenotype when over-
expressing JAZ10.3 and JAZ10.4 splice variants. These
variants lack part of the Jas domain and lose COI1 in-
teraction, but they can still interact with MYC2 (Moreno
et al., 2013).
Several studies have localizedGFP-fused JAZproteins
to the nucleus (Chini et al., 2007; Thines et al., 2007; Yan
et al., 2007; Chung and Howe, 2009; Grunewald et al.,
2009; Shyu et al., 2012; Withers et al., 2012). These
observations are consistent with JAZ proteins func-
tioning to repress transcription factors by promoting
binding to the corepressor TPL. Recently, it was pro-
posed that the nuclear localization of JAZ proteins is
dependent on their interaction with MYC2. In a myc2
loss-of-function mutant, yellow ﬂuorescent protein
(YFP)-JAZ9 is partially mislocalized to the cytoplasm
(Withers et al., 2012). These results suggest that JAZ
function is at least partially regulated by subcellular
localization.
The pathway of JA signaling resembles inmanyways
that of ABSCISIC ACID-INSENSITIVE5 (ABI5) and
related ABSCISIC ACID-RESPONSIVE ELEMENT
BINDING FACTOR (ABF) basic leucine zipper (bZIP)-
type transcription factors. G-box elements in promoters
of JA- and abscisic acid (ABA)-responsive genes are
recognized by basic helix-loop-helix- and bZIP-type
transcription factors, respectively. These transcription
factors then interact indirectly or directly with NINJA
or the NINJA-related ABI5-binding proteins (Garcia
et al., 2008). The latter also function as TPL adaptor
proteins (Pauwels et al., 2010). Furthermore, several
points of cross talk between JA and ABA signaling have
been reported, possibly underlying the complex inter-
play between these pathways in disease resistance
(Anderson et al., 2004). For instance, the genes encoding
the ABA receptors PYRABACTIN RESISTANCE-
LIKE4 (PYL4) and PYL5 are up-regulated by JA, and
their mutants show altered JA responses (Lackman
et al., 2011). Conversely, MYC2 also plays an important
role in this cross talk, as it had been identiﬁed as a
positive regulator of ABA signaling (Abe et al., 2003;
Lorenzo et al., 2004). Correspondingly, overexpression
of a mutant MYC2 version that cannot be fully re-
pressed by JAZ proteins leads to ABA hypersensitivity
(Goossens et al., 2015).
The protein KEEPONGOING (KEG) is an additional
regulator of the bZIP-type transcription factors ABI5,
ABF1, and ABF3 (Stone et al., 2006; Chen et al., 2013).
This RING-type ubiquitin E3 ligase interacts directly
with ABI5 and is a negative regulator of ABA signaling
(Liu and Stone, 2010, 2013). In the absence of ABA, KEG
ubiquitinates ABI5, leading to its proteasomal degra-
dation (Stone et al., 2006; Liu and Stone, 2010). ABA
treatment, however, promotes KEG self-ubiquitination
and degradation, leading to an increase in ABI5 levels
(Liu and Stone, 2010). Intriguingly, in contrast to the
nuclear ABI5 subcellular localization, KEG is present in
the trans-Golgi network (TGN; Gu and Innes, 2011) and
is proposed to be a regulator of post-Golgi trafﬁcking,
including the secretion of apoplastic defense proteins
(Gu and Innes, 2012). However, when inactivating the
RING domain of KEG or mutating a conserved Lys in
ABI5, an interaction between KEG and ABI5 can be
observed outside the nucleus in the cytoplasm and at
the TGN (Liu and Stone, 2013). This leads to a model in
which cytoplasmic KEG activity regulates nuclear ABI5
levels because the latter is transported between these
compartments (Liu and Stone, 2013).
Here, we characterized JAZ12 as a representative JAZ
protein that interacts with SCFCOI1 in a JA-Ile-dependent
manner and negatively regulates MYC2. JAZ12 was
1 This work was supported by the Fonds Wetenschappelijk
Onderzoek-Vlaanderen (postdoctoral fellowships to L.P. and J.V.L.
and grant nos. G005212 and G005312N to A.G.), the Belgian Science
Policy Organization (postdoctoral fellowship to A.R.), the Agency for
Innovation by Science and Technology in Flanders (predoctoral fellow-
ships to J.Go. and J.Ge.), the European Molecular Biology Organisation
(short-term fellowship to L.P.), the National Science Foundation (Ara-
bidopsis 2010 grant no. MCB–0929100 to J.C.), the National Institute of
General Medical Sciences of the National Institutes of Health (grant no.
R01 GM063761 to R.W.I.), and the Spanish Ministry for Science and
Innovation (grant no. BIO2013–44407–R to R.S.).
2 Present address: Department of Biology, Duke University, Dur-
ham, NC 27708.
3 Present address: AgroSavfe NV, Technologiepark 4, B–9052
Ghent, Belgium.
* Address correspondence to algoo@psb.vib-ugent.be.
The author responsible for distribution of materials integral to the
ﬁndings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Alain Goossens (algoo@psb.vib-ugent.be).
L.P., A.R., J.Go., A.N.D., H.L., Y.Gu., J.Ge., andM.B. performed the
experiments; R.D.C. and R.V.B. provided technical assistance; J.V.L.
analyzed the data; K.G., G.D.J., R.S., S.S., R.W.I., and J.C. supervised
the experiments; L.P. and A.G. conceived the project and wrote the
article with contributions of all the authors.
[OPEN] Articles can be viewed without a subscription.
www.plantphysiol.org/cgi/doi/10.1104/pp.15.00479
1406 Plant Physiol. Vol. 169, 2015
Pauwels et al.
 www.plant.org on October 1, 2015 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2015 American Society of Plant Biologists. All rights reserved.
found to be ubiquitinated in vivo and rapidly degraded
upon JA treatment. However, in contrast to other JAZ
proteins, JAZ12 interacted through its Jas domain
directly with the HERC2-like (for HECT and RCC1-like)
repeat domain of KEG. Intriguingly, KEG acted as a
positive regulator of JAZ12 protein levels. ABA treatment
increased JAZ12 degradation, and knocking down KEG
led to lower JAZ12 levels, whereas overexpression of
KEG partially prevented the COI1-mediated degradation
of JAZ12.
RESULTS
Isolation of COI1 and JAZ12 Protein Complexes
Previously, we reported that tandem afﬁnity puriﬁ-
cation (TAP) of the JAZ protein JAZ1 in Arabidopsis
cell cultures copuriﬁed the F-box protein COI1 when
cells were treated for 1 min with JA (Pauwels et al.,
2010). Here, we generated Arabidopsis cells expressing
COI1 tagged on its C terminus with the protein
G/streptavidin-binding peptide (GS) tag. After mock
treatment with ethanol, we could purify the SCF com-
ponents ARABIDOPSIS SKP-LIKE1 (ASK1), ASK2, and
CULLIN1 (CUL1; Table I; Supplemental Data Set S1).
When treated with 50 mM JA for 1 min, JAZ12 and
NINJA were found. No peptides of other JAZ proteins
were detected. RNA sequencing (RNA-Seq) analysis
revealed that JAZ12 was an abundantly expressed JAZ
gene both in this system and in Arabidopsis seedlings
(Fig. 1A), likely explaining why it was recovered pref-
erentially over other JAZ proteins.
Next, we obtained JAZ12-GS-expressing cells and
afﬁnity-puriﬁed JAZ12-associated proteins from cells.
In mock-treated cells, JAZ12 copuriﬁed with the JAZ
proteins JAZ10 and JAZ2, NINJA, and the transcription
factors MYC2, MYC3, and MYC4 (Table I). When
treated brieﬂy with JA, we detected COI1, ASK1, and
ASK2 peptides (Table I), indicating that the SCFCOI1
complex associated with JAZ12.
Using our TAP approach for Arabidopsis seedlings
(Van Leene et al., 2015), we could show that JAZ12
formed a similar complex as in the JA-treated suspension
cells, thus associatingwith SCFCOI1 even in the absence of
exogenously added JA. Only one difference was noted:
JAZ6 but not JAZ10 copuriﬁed. In the TAP performed
with seedlings, a JAZ12 peptide modiﬁed with di-Gly
could be found, pinpointing that Lys-169 is a putative
in vivo modiﬁcation site for ubiquitin or a ubiquitin-like
protein site (Supplemental Data Set S1; Kirkpatrick et al.,
2005). Finally, in all JAZ12 TAP experiments, a previ-
ously unassociated proteinwas detected, the E3 ubiquitin
ligase KEG, which has previously been linked to ABA
signaling (Stone et al., 2006).
JAZ12 Is a Typical JAZ Protein
The protein sequence of JAZ12 is very representative of
the JAZ protein family. Besides the ZIM and Jas domains,
no other conserved protein sequences have been reported
for JAZ12 (Cuéllar Pérez et al., 2014). The best-known
protein-protein interactions of the JAZ proteins could be
conﬁrmed for JAZ12 by TAP (Table I). To verify this fur-
ther, we ﬁrst tested direct interaction with COI1 using the
LexA-based yeast two-hybrid (Y2H) system, which has
been used previously to show interactions between COI1
and JAZ9 (Melotto et al., 2008). Both JAZ9 and JAZ12
interacted with COI1 in the presence of 50 mM coronatine
(COR), a JA-Ile mimic (Fig. 1B). Next, we tested the
JA-mediated degradation of JAZ12. Cells expressing
GS-tagged JAZ12were treated with 50 mM JA or ethanol
for 30 min, 1 h, and 3 h. Already at the ﬁrst time point,
JAZ12-GS protein was nearly undetectable (Fig. 1C).
Y2H analyses also conﬁrmed the direct interaction of
JAZ12 with MYC2 (Fig. 1D). We have shown previ-
ously that a reporter construct with the JA-inducible
LIPOXYGENASE3 (LOX3) promoter driving a FIRE-
FLY LUCIFERASE ( fLUC ) reporter gene is trans-
activated by MYC2 in tobacco (Nicotiana tabacum)
protoplasts (Pauwels et al., 2008). Cotransfecting JAZ12
with MYC2 abolished this induction completely (Fig.
1E). This repressive effect of JAZ12 coexpression was
dose dependent, as illustrated by a titration curve using
decreasing amounts of JAZ12 (Fig. 1F).
Finally, we isolated a transfer DNA (T-DNA) inser-
tion line in JAZ12, which we called jaz12-1. The T-DNA
is inserted in the Jas intron (Chung and Howe, 2009;
Supplemental Fig. S1A). Therefore, we tested the ex-
pression of JAZ12with primers 59 and 39 of the T-DNA.
Table I. Overview of the proteins purified by TAP with JAZ12 and
COI1
Proteins were identified using peptide-based homology analysis of
mass spectrometry data. Background proteins were withdrawn based
on the frequency of occurrence of copurified proteins in a large GS
TAP data set (Van Leene et al., 2015). Numbers indicate the times the
prey was identified in two experiments per column (2/+JA) with COI1
and four experiments per column (2/+JA) with JAZ12 for cells. Only
one experiment was performed for seedlings. Only preys identified in
at least two experiments were retained. AGI, Arabidopsis Genome
Initiative identifier. –, Prey was not identified in this experiment.
AGI Protein
JAZ12 COI1
Cells Cells Seedlings Cells Cells
2JA +JA 2JA 2JA +JA
AT5G20900 JAZ12 4 4 1 – 2
AT5G13220 JAZ10 2 2 – – –
AT1G72450 JAZ6 – – 1 – –
AT1G74950 JAZ2 4 3 1 – –
AT4G28910 NINJA 4 4 1 – 2
AT4G17880 MYC4 4 4 1 – –
AT1G32640 MYC3 4 4 1 – –
AT1G32640 MYC2 4 4 1 – –
AT2G39940 COI1 – 4 1 2 2
AT1G75950 ASK1 – 4 1 2 2
AT5G42190 ASK2 – 3 1 2 2
AT4G02570 CUL1 – 2 1 2 2
AT5G12140 CYS1 2 2 – – –
AT5G13530 KEG 4 4 1 – –
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While JAZ12 expression 59 of the T-DNA was only
modestly (approximately 50%) reduced (Supplemental
Fig. S1B), very few transcript 39 of the T-DNA (ap-
proximately 10%) could be found (Supplemental Fig.
S1B). JA-induced root growth inhibition in jaz12-1 plants
was similar to that in control plants (Supplemental Fig.
S1C). This suggests that either enough functional JAZ12
protein is present in this line or that redundancy exists
with other JAZ proteins. The latter is in line with a
previous report that single jaz loss-of-function mutants
lack a phenotype (Thines et al., 2007).
KEG Interacts Speciﬁcally with JAZ12
In the TAP analysis, we identiﬁed KEG as an inter-
actor of JAZ12 (Table I). In parallel, we performed a
Y2H library screen using full-length KEG as bait. This
Figure 1. JAZ12 is a prototypal JAZ protein. A, JAZ12 is a highly expressed JAZ gene in Arabidopsis suspension cultured cells and
seedlings. Reads per kilobase per million mapped for each JAZ gene were plotted relative to JAZ12 using RNA-Seq data from
Arabidopsis suspension cultured cells (blue) and seedlings (red). JAZ7 transcripts were not detected. B, COR mediates a direct
interaction between COI1 and JAZ12. The EGY48 (p8opLacZ) yeast (Saccharomyces cerevisiae) strain was cotransformed with
COI1 in pGILDA and JAZ9 and JAZ12 in pB42AD or pB42AD alone (control). Transformed yeasts were spotted on inducing
medium containing Gal and raffinose supplemented with 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside acid and 50 mM
COR. C, JAZ12 is rapidly degraded by JA. Seven-day-old cell cultures expressing JAZ12-GSwere treatedwith 50mM JA or an equal
volume of ethanol for the time points indicated. JAZ12-GS was detected by immunoblot using peroxidase anti-peroxidase (top),
and the membrane was stained to inspect equal loading with Coomassie Blue (bottom). D, JAZ12 interacts directly with MYC2.
The PJ69-4A yeast strain was cotransformed with JAZ12 in pGBKT7 and MYC2 in pGAD424gate or pGAD424gate as a control.
The 103 and 1003 dilutions of transformed yeasts were spotted on control medium lacking Leu and Trp (-2) or selective medium
additionally lacking His (-3). E, JAZ12 is capable of repressing MYC2-mediated transactivation of the LOX3 promoter. Tobacco
protoplasts were transfected with a pLOX3-fLUC reporter construct and the indicated effector constructs in p2GW7, resulting in
Pro-35S-mediated overexpression of MYC2, JAZ12/JAZ1, or both. A construct with the Renilla reniformis LUC (rLUC) under
control of Pro-35S was cotransfected for the normalization of fLUC activity. Error bars represent SE of eight biological replicates.
Two micrograms of each construct was transfected, and total DNA added was equalized with p2GW7-GUS plasmid.
F, Dose-dependent inhibition of MYC2 activity by JAZ12. The experiment was as in E, but p2GW7-JAZ12 was transfected at the
indicated amounts of DNA, equalized for total plasmid DNAwith p2GW7-GUS.
1408 Plant Physiol. Vol. 169, 2015
Pauwels et al.
 www.plant.org on October 1, 2015 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2015 American Society of Plant Biologists. All rights reserved.
screen identiﬁed JAZ12 as a direct interactor. Out of the
40 colonies with in-frame interactors, 35 corresponded
to JAZ12. The other ﬁve interactors were FATTY ACID
BIOSYNTHESIS2 (At2g43710), CHLOROPHYLL a/b-
BINDING PROTEIN2, GLUTAMATE RECEPTOR3.4
(At1g05200), chlorophyll-binding PHOTOSYSTEM I
LIGHT HARVESTING COMPLEX GENE2, and an
oxidoreductase (At1g60710), all picked up only once in
the Y2H screen. Subcloning of KEG revealed that the
Y2H interaction with JAZ12 was mediated by the
C-terminal HERC2-like repeat domain of KEG (Fig.
2A). Conversely, full-length KEG, as well as the frag-
ment consisting of only the HERC2-like repeat domain,
interacted speciﬁcally with the Jas domain of JAZ12
(Fig. 2B). MYC2 and NINJA were used as positive
controls for interactions with the Jas and ZIM domains,
respectively.
We also cloned the JAZ12-1 variant from jaz12-1
complementary DNA. The T-DNA insertion in the Jas
intron in this line leads to the expression of an mRNA
with the Jas intron retained. Because a stop codon is
present in the intron, it results in a JAZ12 variant with a
partial Jas domain, lacking C terminally the PY se-
quence (Supplemental Fig. S1A). As expected, the COR-
dependent interaction of JAZ12-1 with COI1 could no
longer be observed (Fig. 2C). As controls, we included
JAZ12(RR142/143AA) and JAZ12(F149A) constructs in
which residues of the Jas motif that are essential for
COI1 interaction were mutated. These mutant JAZ12
proteins, however, were still capable of KEG interaction
Figure 2. KEG interacts directly and specifically with JAZ12. A, JAZ12 interacts directly with the HERC2 repeats of KEG. The KEG
protein structure is schematically represented with the RING domain in orange, kinase domain in blue, ankyrin repeats in green,
and HERC2 repeats in red. B, The Jas domain of JAZ12 interacts with KEG. In A and B, the PJ69-4Ayeast strain was cotransformed
with JAZ12 in pGBKT7 and MYC2, NINJA, KEG, or KEG fragments in pGADT7gate. The 103 and 1003 dilutions of transformed
yeasts were spotted on selective medium lacking His. C, Interaction between KEG or COI1 and JAZ12, JAZ12-1, or other JAZ12
mutants. D, JAZ12 is the only JAZ protein capable of interacting with KEG. In C and D, the EGY48 (p8opLacZ) yeast strain was
cotransformed with KEG or NINJA in pGILDA and JAZ in pB42AD. Transformed yeasts were spotted on inducing medium
containing Gal and raffinose supplemented with 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside acid and 50 mM COR or
dimethyl sulfoxide (DMSO) as indicated. E, WebLogo consensus sequence of the Jas motif in JAZ12 orthologs (top) and Arabi-
dopsis JAZ proteins (bottom). Amino acids essential for COI1 interaction are highlighted in yellow and those assayed for KEG
interaction in pink. F to I, KEG interacts extranuclearly with JAZ12. F andG,N. benthamiana leaf epidermal cells were transiently
transformed with JAZ12-cGFP and KEG-nGFP (F) or KEG(AA)-nGFP (G). H, NINJA-nGFP interacts in the nucleus with JAZ12-
cGFP. I, JAZ12-GFP localizes to both the nucleus and the cytoplasm in transiently transformed N. benthamiana leaves.
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(Fig. 2C; Sheard et al., 2010). It has been shown previ-
ously that DPY variants of JAZ2.2 and JAZ10.3 can still
interact with MYC2 (Chung and Howe, 2009). In con-
trast, JAZ12-1 did not interact with MYC2 or with KEG
but still interacted with NINJA (Fig. 2B).
As the Jas domain is conserved in all JAZ proteins, we
next tested all 12 JAZ proteins for interaction with KEG
using Y2H assays. Interestingly, only JAZ12 was ca-
pable of interacting with KEG, both in the LexA-based
(Fig. 2D) and the GAL4-based (Supplemental Fig. S2A)
systems. NINJA was used as a positive control in these
assays, as it interacts with most JAZ proteins (Fig. 2D).
As KEG is known to autoubiquitinate in vitro, causing
its degradation (Liu and Stone, 2010), we hypothesized
that this might prevent interactions in yeast. Therefore,
we also tested the KEG(AA) variant, which has a
disrupted RING domain (C29A, H31A, and C34A;
Stone et al., 2006) and can no longer autoubiquitinate,
for interaction with all JAZ proteins. We again ob-
served interaction only with JAZ12 (Supplemental Fig.
S2B).
To identify what makes JAZ12 unique, we identiﬁed
JAZ12 orthologs in different plant species based on
synteny (Supplemental Fig. S2C). Several amino acids
in the JAZ12 Jas domain were more conserved between
JAZ12 orthologs as compared with other JAZ proteins
in Arabidopsis (Fig. 2E; Supplemental Fig. S2D). Based
on this comparison, we changed His-144, Pro-164, or a
stretch of ﬁve amino acids, LVNKN157-161, to Ala(s)
and tested the interactionwith COI1 and KEG.With the
latter construct, KEG interaction was lost while the
COR-mediated COI1 interaction was retained (Fig. 2C).
Finally, we changed the sequence LVNKN with the
corresponding sequence of JAZ1, VTSKA. Again, KEG
interaction was lost, suggesting that one or more of
these amino acids that are conserved between JAZ12
orthologs are necessary for KEG interaction.
Finally, we assessed the JAZ12-KEG interaction us-
ing bimolecular ﬂuorescence complementation (BiFC)
by fusing the proteins with N-terminal or C-terminal
fragments of GFP (designated nGFP and cGFP, re-
spectively). When wild-type KEG-nGFP and JAZ12-
cGFP were transiently coexpressed together in Nicotiana
benthamiana leaves, we observed only a weak GFP sig-
nal, which was detected only outside the nucleus (Fig.
2F). However, when we used KEG(AA)-nGFP, a strong
signal in the cytoplasm was observed (Fig. 2G). This
corresponds to the reported extranuclear localization of
KEG-GFP (Gu and Innes, 2011) and the localization
of the interaction between KEG and ENHANCED
DISEASE RESISTANCE1 (EDR1; Gu and Innes, 2012)
and between KEG and ABI5 (Liu and Stone, 2013).
Coexpression of NINJA-nGFP led to a nuclear signal
(Fig. 2H). Correspondingly, the expression of JAZ12-
GFP resulted in expression in both the nucleus and
the cytoplasm in N. benthamiana leaves (Fig. 2I). How-
ever, the roots of a stable 35S cauliﬂower mosaic virus
promoter-driven JAZ12-GFP Arabidopsis line only
expressed detectable GFP in the nucleus (Supplemental
Fig. S2, E and F).
TAP of KEG(AA)
To assess the KEG interactome further, we generated
Arabidopsis cells expressing N-terminal GS-tagged
KEG(AA) for TAP assays (Table II; Supplemental Data
Set S1). By using the KEG(AA) mutant, we hoped to
stabilize the tagged KEG protein and its targets, be-
cause ubiquitination and subsequent degradation are
prevented. We treated the cells with 50 mM JA for 1 min.
Although we could not ﬁnd peptides for JAZ12 or
ABI5/ABFs, we did ﬁnd peptides of the known KEG
target protein CIPK26, a calcineurin B-like interacting
protein kinase (Lyzenga et al., 2013).
KEG Knockdown Lines Are ABA Hypersensitive
All three isolated knockout mutants of KEG, keg1, keg2,
and keg3, are seedling lethal, leading to postgerminative
growth arrest (Stone et al., 2006). To allow physiological
analysis of KEG function, we used the artiﬁcial micro-
RNA (amiRNA)method (Schwab et al., 2006) to generate
a knockdown line of KEG. We obtained a single KEG
amiRNA line (line 14) that showed normal Mendelian
inheritance and for whichwe could select a homozygous
population. This line showed retarded growth (Fig. 3A),
although it had only modestly (650%) reduced KEG
expression at the RNA level (Fig. 3D). The effect on KEG
protein levels could bemore dramatic because it has been
reported that, in plants, amiRNAs often do not only
change transcript levels but repress translation, leading
to reduced protein levels (Li et al., 2013). To evaluate the
success of KEG knockdown, we analyzed the reported
ABA hypersensitivity of KEG knockout mutants (Stone
et al., 2006). The amiRNA line had a stronger reduction of
primary root growth than wild-type Columbia-0 (Col-0)
when grown on 5 mM ABA (Fig. 3, B and C) but not on
2.5 mM JA. Moreover, KEG amiRNA seedlings grown on
controlmediumhad a severely reduced number of lateral
roots after 11 d (Fig. 3B). Inhibition of lateral root bio-
genesis is a well-known effect of exogenous ABA treat-
ment (De Smet et al., 2003). We then checked the
expression of several ABA and JA marker genes in
this line (Fig. 3D). The ABA markers RESPONSIVE
TO ABSCISIC ACID18 (RAB18) and VEGETATIVE
STORAGE PROTEIN2 (VSP2) were clearly up-regulated.
Table II. Overview of the proteins purified by TAP with GS-KEG(AA)
Information is as in Table I. Numbers indicates the times the prey
was identified in two experiments per column. AGI, Arabidopsis Ge-
nome Initiative identifier; CIPK26, CALCINEURIN B-LIKE PROTEIN-
INTERACTING PROTEIN KINASE26; EIF6A, EUKARYOTIC INITIATION
FACTOR6A; SDE3, SILENCING DEFECTIVE3. –, Prey was not identified
in this experiment.
AGI Protein 2JA +JA
AT5G13530 KEG 2 2
AT1G05460 SDE3 – 2
AT3G55620 EIF6A – 2
AT5G21326 CIPK26 – 2
1410 Plant Physiol. Vol. 169, 2015
Pauwels et al.
 www.plant.org on October 1, 2015 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2015 American Society of Plant Biologists. All rights reserved.
Although VSP2 is a known JA marker, VSP2 expression
is known to be up-regulated by ABA as well (Anderson
et al., 2004). The JA markers MYC2 and JAZ12, on the
other hand, were not induced (Fig. 3D). Based on these
data, we conclude that KEG amiRNA lines have a con-
stitutiveABA response in the absence of exogenousABA.
The amiRNA targetingKEGwas expressed under the
control of a 35S promoter using the pFAST-R02 vector
(Shimada et al., 2010). This vector harbors a red ﬂuo-
rescent protein (RFP) fusion expressed in the dormant
dry seed, facilitating the selection of transformants. We
used this property to conﬁrm the phenotype of line 14
using a second independent transformant, line 2, which
showed non-Mendelian inheritance and for which,
even after several generations, no homozygous linewas
obtained. We used the presence of the RFP marker to
our advantage and compared RFP2 with RFP+ plants
in experiments with this line. RFP+ plants showed re-
duced KEG levels (Supplemental Fig. S3A) and ABA
hypersensitivity (Supplemental Fig. S3, B and C).
KEG Is a Positive Regulator of JAZ12 Stability
We used the KEG amiRNA lines also to test the re-
lation between KEG activity and JAZ12 protein levels.
Therefore, we crossed them with a JAZ12-GFP line and
tested JAZ12-GFP levels by immunoblot analysis (Fig.
4A). To our surprise, JAZ12-GFP levels were decreased
in the KEG knockdown lines (Fig. 4A; Supplemental
Fig. S4A), whereas the transcript levels of the JAZ12-
GFP transgene were unaffected (Supplemental Fig.
S4B).
KEG is known to autoubiquitinate in the presence of
ABA, leading to its degradation (Liu and Stone, 2010).
Therefore, we treated seedlings producing GS-tagged
JAZ12 with ABA by transferring them to liquid Mura-
shige and Skoog (MS) medium containing ABA or eth-
anol. After transfer, JAZ12-GS is degraded over time in
the control, and the addition of ABA results in increased
JAZ12 degradation (Fig. 4B), in a dose-dependent man-
ner (Fig. 4C). After 6 h, we observed a nearly complete
loss of JAZ12-GS, while GS-tagged JAZ1, JAZ10, or the
unrelated AUXIN SIGNALING F-BOX2 (AFB2) did not
show alteration in protein levels compared with mock
treatment (Fig. 4D). HA-tagged JAZ9 protein levels also
showed some reduction after ABA treatment, but to a far
lesser extent than JAZ12-GS (Fig. 4E).
To study the effect of KEG overexpression on JAZ12
stability further, we used transient expression in
N. benthamiana. Whereas the expression of JAZ12-GS alone
resulted in strong protein accumulation, coexpressing
COI1 abolished JAZ12-GS levels completely (Fig. 5A).
When coexpressing KEG with JAZ12-GS, we did not
observe changes in the JAZ12-GS levels, comparedwith
the JAZ12-GS expressed in the absence ofKEG (Fig. 5A).
However, when coexpressing KEG together with COI1
and JAZ12-GS, we could observe a protective effect of
KEG on COI1-mediated JAZ12-GS degradation (Fig.
5A). Finally, we transiently expressed JAZ12 fused to
GFP together with COI1 and/or KEG to study if COI1-
mediated degradation and protection by KEG were
speciﬁc for a subcellular compartment. This assay in-
dicated that JAZ12-GFP was degraded both inside and
outside the nucleus in the presence of COI1. Similarly,
coexpression of KEG restored JAZ12 levels both intra-
nuclearly and extranuclearly (Fig. 5B). Taken together,
our data demonstrate that nucleus-localized COI1 and
TGN-localized KEG both inﬂuence JAZ12 levels inde-
pendently of JAZ12 subcellular localization.
Figure 3. KEG knockdown lines are hypersen-
sitive to ABA. A, Retarded growth of soil-grown
KEG amiRNA line 14 plants. B and C, Root
growth assays. Plants were grown for 4 d and
transferred to medium containing ethanol
(EtOH; control), 5 mM ABA, or 2.5 mM JA for 6 d.
B, Representative seedlings. C, Average increase
in primary root length after transfer. Values in-
dicate means of three biological repeats (each
consisting of eight seedlings)6 SE. The treatment3
genotype interaction effect (two-way ANOVA) is
indicated (***, P , 0.001). NS, Not significant.
There were also significant effects (P, 0.001) of
each treatment and of the genotype. D, Expres-
sion of KEG, RAB18, VSP2,MYC2, and JAZ12 in
ethanol control seedlings from B. Error bars de-
pict SE (n = 3).
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DISCUSSION
Use of TAP-Mass Spectrometry to Study Ubiquitin
E3 Ligases
Although the interaction between SCFCOI1 and JAZ
proteins is well established and has been studied using
methods such as Y2H (Thines et al., 2007; Melotto et al.,
2008) and pull-down (Thines et al., 2007; Fonseca et al.,
2009) assays,we showhere that the COI1-JAZ interaction
can be determined in vivo using TAP-mass spectrometry
using either the F-box protein or its target as bait. In our
cell culture system, the interaction was dependent on the
addition of JA, which presumably is converted to the
bioactive JA-Ile form in vivo. In seedling cultures, how-
ever, the interaction was already observed without any
exogenous JA treatment. Accordingly, in this system, we
were able to detect tryptic peptides of JAZ12, which had
the di-Gly mark of ubiquitination. Previously, direct
proof of the ubiquitination of JAZ proteins was scarce. To
our knowledge, such in vivo proof of ubiquitination has
Figure 4. KEG is a positive regulator of JAZ12 stability. A, Immunoblot showing JAZ12-GFP levels in three biological repeats of a
JAZ12-GFP line, its crosses with the KEG amiRNA lines, and the wild type (Col-0). Crosses were homozygous for JAZ12-GFP and
RFP+, the latter indicative of KEG amiRNA expression. B, ABA enhances JAZ12-GS degradation. Seedlings were transferred from
agar to liquid MS medium supplemented with 100 mM ABA (+) or ethanol (2), and protein levels were monitored over time. C,
Dose response of ABA on JAZ12-GS protein levels 6 h after transfer. Membranes were stained with Coomassie Blue to inspect
equal loading. D and E, ABA-mediated degradation of other JAZ proteins and AFB2. Immunoblots show the expression of GS-
tagged (D) or hemagglutinin (HA)-tagged (E) proteins treated with ethanol or 100 mM ABA for 6 h. A representative experiment of
three biological repeats is shown. In all experiments, 6-d-old seedlings were used.
Figure 5. KEG and COI1 influence JAZ12-
GFP levels independent of its subcellular
localization. A, Immunoblot showing JAZ12-
GS and GFP levels inN. benthamiana leaves
coinfiltrated with JAZ12-GS, KEG, and/or
COI1.GFPwas cotransformed as a control.
Each combination was coinfiltrated in tripli-
cate. COI1-containing protein extracts were
loaded in 53 excess (50 mg). The bottom gel
shows Coomassie Blue staining of the blotted
membrane. B, N. benthamiana leaves were
transiently transformed with JAZ12-GFP,
COI1, and/or KEG and imaged using a con-
focal microscope. Bars = 50 mm.
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only been reported for JAZ6 via an untargeted pro-
teomics screen for ubiquitinated proteins (Saracco et al.,
2009). Our TAP-mass spectrometry approach also
allowed us to identify core components of the SCF
complex (ASK1,ASK2, andCUL1) using either the F-box
protein or its target JAZ12. This conﬁrms the association
of COI1 with an SCF complex (Xu et al., 2002). Recently,
it was shown that the association with ASK1 and CUL1
is essential for COI1 stability (Yan et al., 2013).
Notably, we detected the interaction of JAZ12 only
with MYC2, MYC3, and MYC4, both in cell cultures
and in seedlings, although many other transcription
factors have been reported to interact with the JAZ
proteins, including JAZ12 (Pauwels and Goossens,
2011; Hu et al., 2013; Nakata et al., 2013; Sasaki-
Sekimoto et al., 2013; Song et al., 2013; Fonseca et al.,
2014). Similarly, JAZ12 is the only JAZ for which we
observed interaction using COI1 as bait. Negative re-
sults using TAP-mass spectrometry can be related to the
expression levels of target proteins, and indeed, JAZ12
was found to be a highly expressed JAZ, at least at the
transcript level.
JAZ12 Interacts with KEG in the Cytoplasm
TAP with JAZ12 identiﬁed the E3 ligase KEG as an
interactor of JAZ12. KEG is known to play a role in ABA
signaling and interacts with the bZIP transcription
factors ABI5, ABF1, and ABF3 through the ankyrin-
repeat domain and with the kinase CIPK26 (Stone
et al., 2006; Chen et al., 2013; Lyzenga et al., 2013). KEG
promotes the proteasome-mediated degradation of
these proteins in order to repress ABA signaling.
KEG also plays a role in pathogen resistance. The
kinase EDR1 interacts at the TGN with KEG through
the HERC2-like repeat domain. The keg4 allele carrying
a missense mutation in this domain was identiﬁed to
suppress the edr1-mediated increased resistance to
Golovinomyces cichoracearum (Wawrzynska et al., 2008).
The keg4mutation or deletion of the entire HERC2-like
repeat domain led to a primarily cytoplasmic localiza-
tion of KEG, while this was unobserved for wild-type
KEG (Gu and Innes, 2011).
The localization of KEG to the TGN and the activity
in the nucleus by association with transcription factors
could be reconciled by the ﬁnding that, although ABI5
is observed to be exclusively nuclear, the interaction
between KEG and ABI5 localized to the cytoplasm
when the RING domain of KEG was inactivated or a
conserved Lys in ABI5 was mutated (Liu and Stone,
2013). Cytoplasmic turnover of ABI5 by KEG is pro-
posed to also control nuclear ABI5 levels and, hence, its
activity (Liu and Stone, 2013).
Here, we found JAZ12-GFP to be exclusively in the
nucleus in Arabidopsis seedling roots, but upon tran-
sient overexpression in N. benthamiana leaves, it was
also seen in the cytoplasm. As with ABI5, we found that
the interaction between KEG and JAZ12 occurs outside
the nucleus. For JAZ9, it was shown that nuclear
localization is dependent on the interaction with the
MYC2 transcription factor, and YFP-tagged JAZ9 ac-
cumulated in the cytosol in a myc2 mutant (Withers
et al., 2012). MYC2, MYC3, and MYC4 are known to be
short-lived proteins regulated by proteasomal degra-
dation (Zhai et al., 2013; Chico et al., 2014). GFP-tagged
MYC2 is largely removed from the cell in the dark and
far-red light (Chico et al., 2014), and MYC2 protein
levels oscillate over time under the control of the cir-
cadian clock (Shin et al., 2012).
Determination of the detailed physiological and spatio-
temporal circumstances in which JAZ12, possibly through
(absence of)MYC2 interaction, favors interactionwithKEG
outside the nucleus will be the subject of further study.
Toward a Functional Role for the KEG-JAZ12 Interaction
We show here that JAZ12 is ubiquitinated in vivo, is a
target of the SCFCOI1 complex, and is degraded upon a
JA stimulus, thus behaving like a canonical JAZ protein.
Signal transducers are commonly targeted by multiple
ubiquitin E3 ligases. ABI5, for example, is also targeted
by the CUL4-based E3 ligases ABSCISIC ACID-
HYPERSENSITIVE DAMAGED DNA BINDING PRO-
TEIN1 (DDB1)-CULLIN4–associated factor1 (ABD1) and
DDB1 binding WD40 HYPERSENSITIVE TO ABSCISIC
ACID2 (DWA1)/DWA2 besides KEG (Lee et al., 2010;
Seo et al., 2014). Unexpectedly, however, our results did
not support our intuitive hypothesis of KEG as an insti-
gator of JAZ12 ubiquitination and subsequent degrada-
tion. On the contrary, several observations pointed to
KEG as a positive regulator of JAZ12 stability: (1) a KEG
amiRNA line showed reduced JAZ12-GFP levels; (2) KEG
overexpression protected JAZ12 from COI1-mediated
degradation; and (3) ABA promoted JAZ12 degradation.
We considered the possibility that these observations
are independent of the interaction between KEG and
JAZ12 and caused by the repression of ABA signaling by
KEG. The KEG amiRNA lines presented here indeed
showed ABA hypersensitivity at the seedling stage,
consistent with earlier reports studying loss-of-function
keg alleles (Stone et al., 2006). ABA induces JA marker
genes such as VSP2 (Anderson et al., 2004), which is also
induced in the KEG amiRNA line. Moreover, ABA bio-
synthesis is known to be required for the increase in JA
levels after Pythium irregulare infection (Adie et al., 2007).
Notwithstanding, we did not observe any induction of JA
marker genes, such asMYC2, nor any hypersensitivity to
JA in theKEG amiRNA line. Furthermore, ABA treatment
only affected JAZ12 levels dramatically, while JAZ1 and
JAZ10 were unaffected. JAZ9 levels also decreased, albeit
farmoremodestly. The latter is in linewith a recent report
showing degradation of the Jas9-Venus reporter upon
ABA treatment (Larrieu et al., 2015). Hence, the reduced
JAZ12 stability after ABA treatment and in the KEG
amiRNA line is unlikely to be caused by a general
elevated JA signaling. Nevertheless, the regulation of
JAZ12 stability by KEG is linked to SCFCOI1: KEG over-
expression protected JAZ12 from COI1-mediated
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degradation, which was not caused by a tethering of
JAZ12 outside the nucleus. GFP-tagged JAZ12 was
observed in increasing amounts in both the cytoplasm
and the nucleus when KEGwas coexpressedwith COI1.
Hence, this work highlights KEG as a novel point of
cross talk between the plant hormones ABA and JA.
MATERIALS AND METHODS
Molecular Cloning
The open reading frames (ORFs) ofAFB2 andCOI1 lacking a stop codon and
JAZ10 with a stop codon were PCR ampliﬁed with the primers listed in
Supplemental Table S1 and cloned in a Gateway-compatible entry clone. For
KEG(AA), we used the entry clone described previously (Stone et al., 2006). For
TAP constructs, a MultiSite Gateway LR reaction was performed with desti-
nation vectors pKCTAP and pKNTAP for C- and N-terminal fusions, respec-
tively. In both cases, ORFs were fused to the GS-TAP tag and put under the
control of the 35S promoter. JAZ12-GFP was constructed by recombining a
JAZ12 entry clone with pGWB5 (Mita et al., 1995). The KEG amiRNA construct
was designed with the Web MicroRNA Designer (www.weigelworld.org) and
constructed by PCR ampliﬁcation with the primers listed in Supplemental
Table S1 and pRS300 as template (Schwab et al., 2006). The PCR product, to
which attB sites were added, was recombined with pDONR221 (Invitrogen)
and then pFAST-R02 (Shimada et al., 2010) as the destination vector. BiFC
constructs for Pro-35S:ORF-tag or Pro-35S:tag-ORF using theN- andC-terminal
halves of enhanced GFPwere constructed bymultisite Gateway reactions using
pK7m34GW, pH7m34GW (Karimi et al., 2005), or pH7m24GW as described
(Boruc et al., 2010) combined with pDONR207 and pDONR221 entry clones of
JAZ12, NINJA, KEG, and KEG(AA) (with or without stop codon).
Plant Material
The jaz12-1 (SALK_055032) allele was obtained from theArabidopsis Biological
Resource Center (Alonso et al., 2003). Seedlings were PCR genotyped using a
T-DNA and gene-speciﬁc primers (Supplemental Table S1). Amplicons were
sequenced to conﬁrm the location of the T-DNA.
For stable transformation in Arabidopsis (Arabidopsis thaliana), the Agro-
bacterium tumefaciens strain C58C1 (pMP90) was used to transform Col-0 plants
by ﬂoral dip (Clough and Bent, 1998). Transformants were selected based on
kanamycin for JAZ12-GS and by ProOLE1:OLE1-RFP expression in seeds for
KEG amiRNA lines.
In Vitro Plant Growth
For all the experiments described with plants grown in vitro, Arabidopsis
seedlings were sterilized by the chlorine gas method and sown on sterile plates
containing the corresponding growthmedium. Plates were kept in the dark at 4°C
for 2 d for stratiﬁcation, after which they were transferred to a growth room with
21°C temperature and a 16-h-light/8-h-dark regime. The day of the transfer was
considered as 0 d after stratiﬁcation.
TAP
Arabidopsis cell suspension cultures (PSB-D) were transformed without
callus selection as described previously (Van Leene et al., 2008). For treatments,
50 mM JA (Duchefa) was added to the cell culture for 1 min before harvesting
cells in liquid nitrogen. Afﬁnity puriﬁcation and liquid chromatography-
tandem mass spectrometry analysis were as described (Van Leene et al.,
2015). For TAP of JAZ12-GS from seedlings, a homozygous line containing a
single T-DNA locus was identiﬁed and grown in liquid MS medium as de-
scribed (Van Leene et al., 2015).
RNA-Seq
RNA was isolated from wild-type PSB-D cell cultures and 14-d-old Col-0
seedlings in three biological repeats using the RNeasy Plant Mini Kit (Qiagen)
and DNase I treated (Promega). A Trueseq RNA-Seq library (Illumina) was
compiled and sequenced as 50-bp single read using Illumina HiSeq 2000
technology at GATC Biotech. Read quality control, ﬁltering, mapping to The
Arabidopsis Information Resource 10 Arabidopsis genome, and read counting
were carried out using the Galaxy portal running on an internal server (http://
galaxyproject.org/). Sequences were ﬁltered and trimmed with the Filter
FASTQ v1 and FASTQ Quality Trimmer v1 tools, respectively, with
default settings (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Reads were subsequently mapped to The Arabidopsis Informa-
tion Resource 10 version of the Arabidopsis genome using GSNAPv2 (Wu and
Nacu, 2010), allowing a maximum of ﬁve mismatches. The reads that uniquely
map to the genomewere used for quantiﬁcation on the gene level with htseq-count
from the HTSeq python package (Anders et al., 2015). Reads per kilobase per
million values were calculated for each JAZ gene in each sample.
Y2H Analysis
The Y2H screen was conducted using a custom library manufactured by
Invitrogen using RNA isolated from a mixture of seedlings and rosette leaves
from short-day-grown plants. The latter were collected from plants at multiple
time points following infection with Pseudomonas syringae pv tomato strain
DC3000. The library was cloned into the Invitrogen pDEST22 low-copy vector.
A bait construct containing full-length KEG was cloned into pDEST32. Library
screening was performed following the protocol provided by Invitrogen. For
both GAL4- and LexA-based assays, cloning, yeast strains, culturing, trans-
formation, and reporter assays were done as described (Cuéllar Pérez et al.,
2013), except for the COI1 interaction assays. In those, 50 mM COR (Sigma-
Aldrich) was added to the medium or dimethyl sulfoxide as a control and
5-mL yeast suspensions were dropped manually on small petri plates. Entry
clones for JAZ and MYC proteins were generated as described previously
(Pauwels et al., 2010; Fernández-Calvo et al., 2011). Truncations and mutants
of JAZ12 were made by PCR ampliﬁcation using the primers listed in
Supplemental Table S1. KEG truncations were cloned as described previously
(Stone et al., 2006).
Transient Expression Assays
Cloning, tobacco (Nicotiana tabacum) BY-2 protoplast preparation, auto-
mated transfection, lysis, and luciferase measurements were carried out as
described previously (Vanden Bossche et al., 2013). The ProLOX3:fLUC and
Pro-35S:MYC2 constructs were generated as described (Pauwels et al., 2008).
JAZ12 was cloned in the plasmid p2GW7 for overexpression (Vanden Bossche
et al., 2013).
JA Degradation Assay
Seven-day-old cells expressing JAZ12-GS were subcultured in individual
ﬂasks for 2 d and treated with 50 mM JA or ethanol at the different time points.
Cells were harvested and snap frozen in liquid nitrogen.
ABA Degradation Assay
Seedlings expressing epitope-taggedproteinswere grown in vitro in pools of
10 to 15 seedlings for 6 d after germination. Each pool was transferred to 1mL of
MS medium without agar on a 24-well plate containing the indicated concen-
tration of ABA or an equal volume of ethanol. After incubation for the indicated
time in the growth room, seedlings were harvested and snap frozen in liquid
nitrogen.
Immunoblotting
Total protein was extracted using extraction buffer (25 mM Tris-HCl, pH 7.6,
15 mM MgCl2, 150 mM NaCl, 15 mM p-nitrophenyl phosphate, 60 mM
b-glycerophosphate, 0.1% Nonidet P-40, 0.1 mM Na3VO4, 1 mM NaF, 1 mM
phenylmethylsulfonyl ﬂuoride, 1 mM E64, complete proteinase inhibitor [Roche],
and 5% ethylene glycol), and the protein concentration was determined using the
Bradford assay (Bio-Rad). Samples were denatured in Laemmli buffer, run on a
4% to 15% TGX gel (Bio-Rad) for 20 min at 300 V, and subsequently blotted on a
0.2-mm polyvinylidene diﬂuoride membrane (Bio-Rad). Antibodies used were
peroxidase anti-peroxidase (P1291; Sigma-Aldrich), anti-HA (3F10; Roche), and
anti-GFP (abcam290) antibodies. Chemiluminescent detection was performed
with Western Bright ECL (Isogen; http://www.isogen-lifescience.com/).
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Root Growth Assays
For jaz12-1, seedlings were grown on MS medium plates (10 g L21 Suc and
8 g L21 agar, pH 5.7) containing 2.5 or 10 mM JA (Duchefa) or ethanol. Seedlings
were grown vertically under the conditions described above. Plates were
scanned 11 d after stratiﬁcation, and primary root length was measured by
means of the EZ-Rhizo software (Armengaud et al., 2009).
For KEG amiRNA lines, seedlings were grown as above on MS plates for
4 d and then transferred to new plates containing 2.5 mM JA (Duchefa), 5 mM ABA
(Sigma-Aldrich), or ethanol. Primary root length was marked, and seedlings were
grown for another 6 d before scanning. Primary root growth following transferwas
measured by means of ImageJ software (http://imagej.nih.gov).
Gene Expression Analysis
Frozen plant material was ground in a Retsch MM300 mixer, and total RNA
was extracted using the Qiagen RNeasy kit (http://www.qiagen.com/). An
RNase-free DNase step was performed following the manufacturer’s instruc-
tions for the preparation of RNA. Next, 1 mg of total RNA was used for com-
plementary DNA synthesis with the iScript kit (Bio-Rad; http://www.bio-rad.
com/). Quantitative reverse transcription-PCRwas performed on a LightCycler
480 system (Roche; http://www.roche.com) using the Fast Start SYBR Green I
PCR mix (Roche). At least three biological repeats and three technical repeats
were used for each analysis. Expression data were normalized using two ref-
erence genes, UBIQUITIN-CONJUGATING ENZYME21 (UBC21; At5g25760)
and PROTEIN PHOSPHATASE 2A SUBUNIT A3 (PP2AA3; At1g13320). The
primer sequences are provided in Supplemental Table S1.
Transient Expression in Nicotiana benthamiana
Wild-type N. benthamiana plants (3–4 weeks old) were used as a transient
protein expression system in the BiFC and JAZ12 stability experiments. Constructs
were transiently expressed by A. tumefaciens-mediated transient transformation of
lower epidermal leaf cells as described previously (Boruc et al., 2010) using a
modiﬁed buffer (10mMMgCl2 [1 M stock solution;Merck], 10mMMES [0.5 M stock
solution; Duchefa], and 100 mM acetosyringone [100 mM stock solution; Sigma-
Aldrich]) and the addition of a P19-expressing A. tumefaciens strain to boost pro-
tein expression (Voinnet et al., 2003). All A. tumefaciens strains were grown for 2 d,
diluted to an optical density of 1 in inﬁltration buffer, and incubated for 2 h at room
temperature before mixing in a 1:1 ratio with other strains and injecting. For BiFC
and JAZ12-GFP stability assays, lower epidermal cells were examined for ﬂuo-
rescence using confocal microscopy 3 d after inﬁltration. For immunoblots, inﬁl-
trated leaf tissue was harvested 3 d after inﬁltration and immediately frozen in
liquid nitrogen.
Confocal Microscopy
For subcellular localizationof JAZ12-GFP inArabidopsis seedlings, seedlings
were brieﬂy incubated in propidium iodide (3 mg L21; Sigma-Aldrich) and
subsequently washed and mounted in milliQ water. Fluorescence microscopy
was performed with an Olympus FV10 ASW confocal microscope.
Bioinformatics
Orthologs of Arabidopsis JAZ12 were identiﬁed using the Plant Genome Du-
plication Database (http://chibba.agtec.uga.edu/duplication) based on synteny.
Sequences were aligned using MUSCLE with default settings in JalView 2.8.2
(www.jalview.org). Protein sequences used for the alignment and alignment as a
text ﬁle are available as Supplemental Data Set S2. Sequence logos were created
using WebLogo (http://weblogo.berkeley.edu/).
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Characterization of the jaz12-1 T-DNA insertion
line.
Supplemental Figure S2. KEG interacts speciﬁcally with JAZ12.
Supplemental Figure S3. KEG knockdown lines are hypersensitive to
ABA.
Supplemental Figure S4. KEG is a positive regulator of JAZ12 stability.
Supplemental Table S1. Primers used in this study.
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Figure S2. KEG interacts speciﬁcally with JAZ12. A, Only JAZ12 interacts directly with KEG in the GAL4-based
Y2H system. The PJ69-4A yeast strain was co-transformed with JAZ proteins in pGBKT7 and KEG in
pGADT7gate. 10x and 100x dilutions of transformed yeasts were spotted on selective medium lacking His (-3).
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Arabidopsis JAZ proteins. C-D, Amino acids essential for COI1 interaction are marked with an asterisk, those
mutated to test KEG interaction with a circle. Arabidopsis JAZ12 is boxed. E-F, Confocal root tip imaging of
Arabidopsis seedlings stably overexpressing the JAZ12-GFP fusion protein. Propidium iodide staining was used
to enhance visualization of the cells.. Scale bars are 30 µm (E) and 15µm (F).
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Figure S3. KEG knock down lines are hypersensitive to ABA. Seeds of KEG amiRNA Line 2 were separated
based on RFP ﬂuorescence using an epiﬂuorescence microscope. Plants were grown for 4 days and
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Figure S4. KEG is a positive regulator of JAZ12 stability. A, Immunoblot showing JAZ12-GFP levels in 3
biological repeats of a JAZ12-GFP line and its cross with the KEG amiRNA line 14. 6-day-old seedlings were
used. Membrane was stained with Coomassie to inspect equal loading. B, JAZ12-GFP transcript levels in
samples used in A. Error bars depict standard error of 3 technical replicates.
 Table SI. Primers used in this study 
ID  Sequence Use 
JAZ12 pair 1 Fw CATCTAATGTGGCATCACCAG qPCR 
JAZ12 pair 1 Rv TGCCTCCTTGCAATAGGTAGA qPCR 
JAZ12 pair 2 Fw CTATCATGTACGCTGCTGTGTG qPCR 
JAZ12 pair 2 Rv CCACTCCCAGACATGGAAAC qPCR 
JAZ12(ZIM) Rv AGAAAGCTGGGTTTTTAGCAGCAATACGAAGGA Cloning 
JAZ12(Jas) Fw AAAAAGCAGGCTACGCAATGGAGACAAAGAATTC Cloning 
JAZ12-1 Rv GGGGACCACTTTGTACAAGAAAGCTGGGTCTCMATCAAAAACTGAATAAAATAG Cloning 
JAZ12(RR142/143AA) Fw CGGCTGATCTACCTATTGCAGCGGCGCATTCGCTTC Mutagenesis 
JAZ12(RR142/143AA) Rv TGCAATAGGTAGATCAGCCGTGGATCTGCA Mutagenesis 
JAZ12(F149A) Fw AGGCATTCGCTTCAACGAGCCCTCGAGAAAAGA Mutagenesis 
JAZ12(F149A) Rv TCGTTGAAGCGAATGCCTCCTTGCAATAGG Mutagenesis 
JAZ12(H144A) Fw CTACCTATTGCAAGGAGGGCTTCGCTTCAACG Mutagenesis 
JAZ12(H144A) Rv CCTCCTTGCAATAGGTAGATCAGCCGTGGA Mutagenesis 
JAZ12(P164A) Fw GTCAACAAAAACCCTTACGCTACTTCAGACT Mutagenesis 
JAZ12(P164A) Rv GTAAGGGTTTTTGTTGACCAATCTGTCCCG Mutagenesis 
JAZ12 (LVNKN157-161AAAAA) Fw GAGAAAGACGGGACAGAGCGGCTGCCGCAGCCCCTTACCCTACT Mutagenesis 
JAZ12 (LVNKN157-161VTSKA) Fw GAGAAAAGACGGGACAGAGTGACCTCCAAAGCCCCTTACCCTACT Mutagenesis 
JAZ12 (LVNKN157-161) Rv  TCTGTCCCGTCTTTTCTCGAGGAATCGTTG Mutagenesis 
KEG amiRA miR-s GATTCTCTACTAACGTACAGCTATCTCTCTTTTGTATTCC Cloning 
KEG amiRA miR-a GATAGCTGTACGTTAGTAGAGAATCAAAGAGAATCAATGA Cloning 
KEG amiRA miR*s GATAACTGTACGTTACTAGAGATTCACAGGTCGTGATATG Cloning 
KEG amiRA miR*a GAATCTCTAGTAACGTACAGTTATCTACATATATATTCCT Cloning 
jaz12-1 Fw AGTTATGGCACACTCCCATTG Genotyping 
jaz12-1 Rv AGCATCAGTCCTGTCTCATCG Genotyping 
  
 
 
 
SALK LB1.3 - ATTTTGCCGATTTCGGAAC Genotyping 
KEG Fw TTTGATGGACAGGTGCTTTG qPCR 
KEG Rv GAGCAACATCAGCCCCATA qPCR 
RAB18 Fw GGCTTGGGAGGAATGCTT qPCR 
RAB18 Rv TTGATCTTTTGTGTTATTCCCTTCT qPCR 
VSP2 Fw ATGCCAAAGGACTTGCCCTA qPCR 
VSP2 Rv CGGGTCGGTCTTCTCTGTTC qPCR 
MYC2 Fw TCCGAGTCCGGTTCATTCT qPCR 
MYC2 Rv TCTCGGGAGAAAGTGTTATTGAA qPCR 
GFP Fw GAAGCGCGATCACATGGT qPCR 
tNOS Rv ATTGCCAAATGTTTGAACGA qPCR 
UBC Fw CTGCGACTCAGGGAATCTTCTAA qPCR 
UBC Rv TTGTGCCATTGAATTGAACCC qPCR 
PP2A Fw TAACGTGGCCAAAATGATGC qPCR 
PP2A Rv GTTCTCCACAACCGCTTGGT qPCR 
JAZ10 Fw AAAAAGCAGGCTCGATGTCGAAAGCTACCATAGA qPCR 
JAZ10 Rv AGAAAGCTGGGTTTAGGCCGATGTCGGATAGT qPCR 
AFB2 Fw GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAATTATTTCCCAGATG Cloning 
AFB2 Rv GGGGACCACTTTGTACAAGAAAGCTGGGTCTCMGAGAATCCACACAAATGGCG Cloning 
COI1 Fw AAAAAGCAGGCTATCCGATGGAGGATCCTGATA Cloning 
COI1 Rv AGAAAGCTGGGTATATTGGCTCCTTCAGGACT Cloning 
 
